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Introduction
Progressive multifocal leukoencephalopathy (PML) is a rare but frequently fatal brain disease caused by polyomavirus JC (JCV) infection. JCV is a highly prevalent human pathogen that establishes a persistent, mostly asymptomatic infection in a significant fraction of the human population.
1 PML onset, however, usually occurs in only a small fraction of the infected population, in particular in those with an impaired immune system, such as HIV patients and patients receiving immunosuppressive drug therapy. 2, 3 The mechanism leading to PML is believed to include lethal infection of glia in the brain of the afflicted individual leading to severe demyelination and brain necrosis. Concerns regarding PML became more prominent when it was recognized that an increased number of PML cases occur in patients treated for autoimmune diseases with certain immunoregulatory agents, including natalizumab, rituximab, efalizumab and mycophenolate mofetil. 4, 5 In the absence of immune response restoration, PML is usually fatal within one year of symptom onset. There is currently no specific therapy for PML, and the primary treatment approaches rely on reconstitution of the patient's own immune response. 6, 7 Due to the limited treatment options, there is substantial clinical interest in developing diagnostic tools that could identify patients at higher risk for the disease to help reduce the risks of PML associated with immunomodulatory therapy. 8 Early attempts have been made to measure the presence of JCV DNA in bodily fluids and compartments to stratify patients for PML risk or to monitor PML development. For example, by analyzing the JCV DNA load in patients with or without PML via polymerase chain reaction (PCR), Koralnik et al. demonstrated that the presence of JCV in the cerebrospinal fluid (CSF), but not in the blood or urine, correlated well with PML, suggesting that JCV quantification in CSF may be a possible means to monitor clinical PML treatment trials. 9 Likewise, Rudick et al. reported that measuring JCV DNA in blood or urine by quantitative PCR had no clinical utility to predict the risk of PML. 10 Gorelik et al. developed a 2-step assay for JCV antibodies in serum as a potential tool for stratifying multiple sclerosis patients for the risk of developing PML. 4 Using this method, all 17 of the pre-PML samples collected 16 to 180 months before symptoms developed tested positive, demonstrating the potential usefulness of immuno-based assays in prognosis of PML.
Studies on JCV structure and mechanism of viral entry provide valuable insights into potential PML-specific biomarkers critical for risk stratification of PML development. 5, 11 As with other members of the polyomaviridae family, a key component of JCV pathogenesis is the major capsid viral protein 1 (VP1). VP1 plays multiple critical roles in JCV infection by mediating cell attachment and viral cell entry via interaction with sialic acid-containing cell receptors. 3, [11] [12] [13] By a comprehensive analysis of JCV VP1 sequences isolated from both PML patients and healthy individuals using statistical method of molecular evolution, Sunyaev et al. demonstrated that at least a subset of PMLspecific mutations in VP1 sequences were acquired via adaptive evolution, of which no more than one such mutation was observed in the same JCV isolate. 7 Three-dimensional modeling of the VP1 molecular structure further indicated that these substitutions are located at or close to the sialic acid binding site, 7 which was later confirmed by the crystal structure of JCV VP1 complexed with a linear sialylated pentasaccharide ( Figure S1 ). 5 The most common mutations in PML CSF-derived VP1 sequences are a Leu to Phe mutation at position 55 (L55F) and a Ser to Phe mutation at position 269 (S269F). These residues are part of the sialic acid binding site ( Figure S1 ), 5 and these 2 mutations together account for half of the large group of PML patients under study. 3, 14 The mutations in JCV VP1 caused a loss or dramatic change in its receptor-binding specificity, which might favor JCV dissemination through abrogation of its binding to sialo-containing oligosaccharides expressed on a great majority of peripheral cells while maintaining other entry pathways independent of sialic acid. 3 Notably, JCV pseudoviruses with these PML-associated mutations were shown to be noninfectious in cell culture systems. 15 However, more recently, an in vivo study demonstrated that these PML-associated mutants, including L55F, are infectious and capable of causing viral spread and disease in a chimeric mouse model. 16 Successful identification of PML-specific mutations in JCV VP1 sequences suggested a promising way to stratify patients for high or low risk of PML development. One way to address this is to develop affinity reagents that specifically recognize these PMLspecific mutations in VP1 variants. These reagents could potentially be applied in an immunoassay to predict the likelihood of PML development with improved accuracy, and they could also be powerful tools for the study of PML caused by PML-associated mutants. In comparison with traditional hybridoma methods, phage display and other in vitro display technologies have proven advantages for the development of such reagents. 17 By selection under controlled conditions, reagents with particular specificities can be obtained. Two recent examples are the identification of antibodies specifically recognizing different conformational states of caspase-1 using phage display 18 and identification of antibodies recognizing histone post-translational modifications using yeast and phage display. 19 Here, we report the identification and characterization of peptides and antibodies specifically targeting point mutations in different JCV VP1 variants by phage display. These peptides and synthetic antibodies complement current JCV VP1 binding reagents and are potential candidates for developing assays for PML risk stratification.
Results

Selection and optimization of peptides binding to JCV viruslike particles
We used phage display to identify peptide ligands for type 3 wild type JCV VP1 (WT) (Genbank: AAQ88264) and 2 point mutation variants (L55F and D66H), using as antigens the corresponding virus-like particles (VLPs), produced by using a baculovirus expression system in insect cells. 7 VLPs resemble authentic viruses that present the viral structural proteins assembled in a particle mimicking the coat of authentic viruses, but VLPs are non-infectious because they do not contain any core viral genetic material. Hence, VLPs are often used as delivery vessels for genes or other therapeutics, and as powerful tools for vaccine development. 20 D66H contains an Asp to His mutation at position 66, which, like L55F, is located at the sialic acid-binding site on JCV VP1. A highly diverse na€ ıve peptide library X12 21 containing over 10 10 random dodecameric peptides was utilized to select parental binding clones. Subsequently, we constructed biased libraries based on the peptides identified in initial selections to enhance binding specificities and affinities. The binding specificity of each peptide was tested by use of phage enzyme linked immunosorbent assays (ELISA) with the 3 antigens under study.
Following four rounds of selection for binding to immobilized WT, we obtained 2 unique peptide-phage clones, Pep-1 and Pep-2 ( Fig. 1A ) that preferentially bound with moderate specificity for WT versus the 2 variants L55F and D66H. As these 2 mutations are located on the surface of VP1 and do not likely change the overall conformation of the protein dramatically, the observed moderate specificity for WT indicates that both peptides likely bind close to the pocket where sialic acid binds to JCV VP1.
We next constructed 2 biased phage-displayed peptide libraries designed to facilitate specificity tuning of the parental anti-VLP peptides. Except for the cysteine residues, which were held constant, we randomized the codons at each position using a 70/ 10/10/10 nucleotide mix that on average allows for 50% of wild type amino acid and 50% of other amino acids. In addition, we added 2 extra residues at both N-and C-termini of the peptides in order to improve the binding contributions of both terminal regions. These positions were completely randomized with degenerate codons that encode for all 20 amino acids.
Following four rounds of selection for binding to immobilized VLPs, 15 clones from selections against each of the 3 VLPs were sequenced and the clones that showed >1.5-fold binding specificity against any single VLP compared to the other 2 were selected (Fig. 1A) . Interestingly, derivatives of Pep-1 and Pep-2 showed distinct binding preferences: Pep-1 derivatives preferably bound to WT and L55F whereas Pep-2 derivatives preferred D66H and L55F.
We expressed these peptides as Fc fusion proteins and tested their binding to a broader panel of VLPs containing single point mutations (including K60E, D66H, N265D, S269F, S269Y and Q271H). As shown in Fig. 1B , the peptide-Fc fusions recognized different VLP variants with different levels of selectivity. Clone A06 preferentially bound to D66H with a >3-fold difference in ELISA signal intensity. In comparison, the other peptide-Fc fusions did not show selectivity for a single point mutant, binding to at least 2 VLP variants to comparable degrees. Moreover, the binding preferences observed using the phage ELISA did not well match those observed using the protein ELISA, the most striking difference being the poor binding of A06 to D66H in phage ELISA vs. the preferential binding of A06 to D66H in protein ELISA. While the cause of this discrepancy is not clear, we reason that it is most likely due to the complexity introduced by phage particles in peptide-displayed phage ELISA as fusion to the large phage particle may change the behavior of the small peptide.
Selection of anti-L55F parental antibody
We first performed selections for antibodies targeting different VLPs (WT, D66H and L55F) using a na€ ıve, phage-displayed synthetic Fab library (library F) 22 without performing negative selection with non-cognate VLPs. Using this method, we did not obtain any phage clones that specifically targeted any of the 3 VLPs. We then focused on using more complex selection strategies to develop antibodies specific for one of the VLP variants, L55F.
In the first round of selection, in order to obtain Fabs that specifically bind to L55F, negative selection to deplete cross-reactive antibodies was performed by incubating the phage library in WT-immobilized wells. In successive rounds of selection, competitor WT was added in solution to trap Fab-phage capable of binding to both WT and L55F, keeping L55F-specific clones free for capture by immobilized L55F. Following five rounds of selection, one unique clone, GC058, was identified that preferentially bound to L55F over WT, as evidenced by phage ELISA (Fig. 2) .
Specificity tuning of anti-L55F antibodies
Next, we applied a homolog-scan strategy to investigate the functional contributions of individual side chains involved in antigen-antibody interactions in the complementarity-determining regions (CDRs) of GC058. Homolog-scan combinatorial mutagenesis introduces subtle mutations in the CDR sequences of the parental antibody, providing the potential for fine-tuning the existing interactions at the antigen-antibody interface. As a result, antibodies with higher binding affinities or specificities could potentially be obtained under conditions with controlled stringency during selection.
In library F, from which GC058 was isolated, diversity was only introduced into the 3 heavy chain CDRs and light chain CDR3. 22 Thus, for the homolog-scan analysis we constructed a single library that targeted a total of 30 residues in these 4 CDRs (Fig. 2) . We replaced the wild type codon in each scanned position with a binary codon that encodes only the wild type and a similar amino acid, as described previously. 23 The library Figure 2 . CDR sequences of anti-L55F antibodies. CDR-L3 and the 3 heavy chain CDRs are shown, as CDR-L1 and CDR-L2 were not diversified in the library design. The numbering is according to the nomenclature of Kabat et al. 39 Residues in specificity-tuned clones that are different from the parental clone GC058 are shown in white with black background. The signal ratios of Fab-phage bound to L55F vs. WT in phage ELISA (L55/WT) were determined as the mean values from 3 independent measurements. contained 5.8 £ 10 9 unique members, which exceeded the number of all possible theoretical combinations encoded by the binary degenerate codons (1.1 £ 10 9 ) by approximately five-fold, thus providing good sampling of the theoretical diversity.
Phage pools from the homolog-scan library were subjected to 2 parallel selections. Display selection against the anti-FLAG antibody M2 was performed to quantify display biases, since a FLAG tag was fused to the C terminus of the phage-displayed Fab light chain. Statistical analysis of the clones identified from this selection can reveal amino acid preferences at each position for Fab display on phage particles. Following four rounds of selection for binding to anti-FLAG antibody M2, 40 unique binding clones were sequenced. Functional selection was performed to isolate GC058 variants capable of binding to L55F with higher specificity. Following four rounds of selection for binding to L55F, 96 clones from round 3 and 96 clones from round 4 were subjected to phage ELISA to determine the binding specificity of individual clones. Phage ELISAs indicated that 41 clones specifically bound to L55F over WT, with L55F/WT signal ratios >5, and sequencing of these clones revealed 39 unique sequences. The sequences were aligned, and the relative occurrences of the wild type or corresponding mutated residue at each position were calculated for both selections (Fig. 3) . Most of the wild type occurrence percentages for the display selection were close to 50%, indicating that the homologous mutations did not significantly affect GC058 display levels ( Fig. 3B) . At two positions (lW91 and hL100), mutations occurred at a frequency of greater than 70%, indicating that these mutations may increase display. Conversely, wild type residues were preferred at a few positions (lP95b, hS50, hG55 and hG99), indicating that mutations at these positions may decrease display or negatively affect antibody stability.
As expected, wild type residues were preferred at most positions for the functional selection. At many positions (lW91, lY94, hS32, hS33, hM34, hS50, hS52, hG55, hA95, hA98 and hL100) wild type residues were >95% conserved, suggesting that these residues may be involved in antigen binding or may be critical for maintaining the structural integrity of the antigen-binding site. However, mutations were moderately preferred over wild type at several heavy chain positions (hY54, hT57 and hY58), suggesting that mutations at these sites enhance antigen binding.
In phage ELISAs, most clones exhibited significantly higher L55F/WT binding ratios, indicating that the selection process had been successful in yielding antibodies with enhanced specificity for L55F VLP relative to WT VLP (Fig. 2) .
Anti-L55F antibodies are highly specific The eight most selective clones from the phage ELISAs were expressed as Fab proteins in E. coli, and were purified as described. 24 One of the Fab proteins proved to be unstable and was not analyzed further. We tested the direct binding of the purified Fabs to L55F and WT VLPs by ELISA. All Fabs showed high binding specificities for L55F over WT and, as expected, the specificity-tuned Fabs all exhibited improved specificity compared with the parent GC058 (Fig. 4) . Fab GC058 and the specificity-tuned Fab GC103 bound to L55F with EC 50 values of 26 or 12 nM, respectively. Both bound poorly to WT, with signals only slightly above background even at 200 nM. Fab GC101 bound to L55F with an EC 50 value of 26 nM, and the others bound with EC 50 values ranging from 50-108 nM; no WT binding was detected up to 200 nM for any of these 6 Fabs.
We then tested the cross-reactivity of the anti-L55F Fabs to a large panel of VLP variants derived from different JCV strains. This panel was composed of mutant VLPs (L55F, K60E, D66H, N265D, S267F and S269F) on the type 3 background, as well as additional variants that belong to different JCV types other than type 3. As shown in Figure 5 , some cross-reactivity was observed for GC058 and GC103 toward VLP variants Mad1, 2a, 1b, S267F and S269F, and very slight cross-reactivity was observed with VLP variant Mad1 for GC101, but these Fabs bound to L55F more strongly than to other VLP variants. In contrast, none of the other specificity-tuned Fabs bound to VLP variants other than L55F at the concentrations tested, indicating their high specificity for L55F. Thus, compared with the parent Fab GC058, most specificity-tuned Fabs showed enhanced binding specificity to L55F. Interestingly, the Fabs that showed detectable cross-reactivity to other VLP variants bound to L55F with at least 2-fold higher L55F-binding affinity compared with other Fabs (Fig. 4) . This result, combined with the EC 50 values shown above, demonstrates that for these specificity-tuned Fabs, increases in L55F-binding specificity came at the cost of decreased antigen binding affinity.
Based on these results, 5 clones were converted into full-length human IgG1 antibodies and tested for specificity by ELISA. As expected, similar specificity for L55F to the corresponding Fabs was observed for these full-length antibodies (Fig. 6) . IgG106 (IgG form of GC106) showed the highest L55F binding response among the 5 IgGs with an EC 50 value of 0.27 nM, whereas IgG104 and IgG108 showed the highest L55F selectivity, with no detectable D66H binding and low WT binding slightly above background at 6.7 nM. IgG103 and IgG106 showed weak binding signals to WT and D66H at high concentrations, but their L55F binding reached saturation at a much lower concentration (1.33 nM), demonstrating that these antibodies are also specific for L55F. In comparison, the non-specific JCV VLP antibody H0L0, a humanized antibody derived by rabbit immunization against L55F (Biogen Idec, unpublished data), did not differentiate between WT and L55F (Fig. 6) . Notably, even the highest affinity discriminatory antibody IgG106 was of lower affinity than the cross-reactive antibody H0L0, demonstrating that the in vitro negative selection process favors clones with desirable binding specificities but lower affinities.
Discussion
In this study, type 3 JCV VP1 was utilized as part of the continued study based on the research described previously. 7 Although type 1 and 2 are more commonly observed in PML patients, whether or not specific JCV genotypes are preferentially associated with PML is still an open question. 3, 14 Thus, while it would certainly be useful to investigate mutants in the more common genetic backgrounds type 1 or 2, use of the less common type 3 does not affect the validity of our results.
We used phage display to identify and characterize peptides and synthetic antibodies specifically targeting JCV VLP variants. These point mutations occur at positions that are among approximately a dozen residues located at the binding site for putative sialic acid containing receptors and are present exclusively in PML-specific JCV VP1. 7 Accurate early detection of these PMLspecific mutations using specific reagents might help PML risk stratification of patients receiving immunomodulatory therapies.
Phage display is well suited for deriving such highly specific binding reagents, since selections are performed under controlled, in vitro conditions that favor the enrichment of clones with desired properties.
Binding selections with a phage-displayed dodecameric peptide library yielded 2 peptide ligands that recognize WT with moderate specificity. Notably, both clones contain 2 cysteine residues spaced either 6 or 10 residues apart. It is likely that these cysteine residues lead to cyclization of the peptide via intramolecular disulfide bonds, and that the resultant cyclic peptide presents Figure 3 . Positional amino acid preferences in Fab variants from homolog scanning of GC058 for functional selection against L55F (A) or display selection against anti-FLAG antibody M2 (B). For each position, the percentage of the population is shown for the wild type or its homolog residue. The wild type GC058 residue is indicated prior to position number, and its homolog residue following the number. The data were compiled from 39 or 40 unique sequences from the functional selection or the display selection, respectively. a structure suitable for VLP binding, a common observation for cysteine-containing peptidic ligands. 25, 26 Specificity tuning of these 2 parental peptides via phage selection yielded 2 or 3 peptides targeting each of the 3 VLPs with moderate specificities. The peptide A06, when expressed as a C-terminal Fc fusion, showed the highest binding specificity for D66H versus a panel of other VLP variants with at least three-fold difference in ELISA signals. This showed that peptide ligands could potentially be utilized to recognize subtle differences in protein structure, such as solvent accessible point mutations in the case herein. Therefore it is reasonable to postulate that this approach might be expanded to generate peptides targeting post-translational modifications and protein allosteric sites, where polyclonal and monoclonal antibodies are currently dominantly applied. Although relatively modest specificity was obtained from selection against VLP variants, the peptides we identified through phage library screenings could potentially be used as lead compounds to develop alternatives to antibodies for differentiating fine structural differences in JCV VP1.
To obtain reagents for detection of VLP variants with higher specificities, we isolated antibodies specifically recognizing individual VLP variants from our highly functional synthetic antibody library Lib F. 22 Lib F incorporates improvements upon earlier libraries based on our understanding of antibody structure and function and insights from earlier work on determination of minimal requirements of synthetic antibody libraries. [27] [28] [29] [30] Conformation-specific antibodies 18, 31 and antibodies recognizing post-translational modifications (Gang Chen and Sachdev Sidhu, unpublished data) have been successfully identified from these libraries. Initial selections without depletion of undesired crossreactive antibodies yielded no VLP variant-specific clones. We then focused on isolating L55F-specific antibodies under controlled selection conditions. Either a negative selection or addition of competitor in the solution phase ensured cross-reactive clones were effectively removed, leaving L55F-specific clones captured by immobilized L55F. This procedure yielded the clone GC058, which specifically recognized L55F with an EC 50 value of 26 nM but bound poorly to other VLPs.
To further improve antibody specificity, we applied a homolog-scanning combinatorial mutagenesis strategy to GC058 to analyze the functional contributions of individual side chains of selected CDR loops to specific antigen recognition. Homolog-scanning mutagenesis is extremely helpful in inferring energetic consequences of mutations introduced at protein binding interfaces in a high throughput fashion, especially in the case where structural information about the complex is unavailable. 23, 32 The information obtained from this analysis can then be applied to design next generation libraries for further affinity maturation or specificity optimization. Alternatively, homolog-scanning libraries may directly yield antibodies with improved properties by introducing favorable interactions or removing unfavorable interactions at the antibody-antigen interface with subtle mutations in CDR sequences. For instance, a similar strategy applied in the selection of human antibodies targeting Staphylococcus aureus enterotoxin SEB yielded antibodies with higher affinities and better toxin neutralization activities. 24 Following specificity tuning, we found that most clones were more specific for L55F recognition compared to the parent clone GC058. Among seven Fabs selected for detailed analysis, cross-reactivity with VLPs other than L55F was observed for only one Fab (GC103). However, there seems to be a trade-off between affinity and specificity, since clones with higher specificity for L55F generally bound to L55F with lower affinity. Similar binding profiles were observed with monovalent Fabs and bivalent IgGs.
The methodical approach to in vitro specificity optimization used in this study resulted in discovery of highly specific antibodies capable of recognizing single point mutation differences in JCV VLPs. These peptides and synthetic antibodies could be useful in JCV and PML-related basic and preclinical research, and have the potential to complement currently available JCV VP1 affinity reagents. In particular, the L55F-specific antibodies we developed should be valuable when applied to future research aimed at understanding the infection biology of the virus harboring the L55F mutation. Moreover, these peptides and synthetic antibodies represent potential starting points for developing tailored immune-based assays for PML risk stratification.
Materials and Methods
Oligonucleotides
Oligonucleotides were purchased from Integrated DNA Technologies. Two mutagenic oligonucleotides Pep-1AM and Pep-2AM (Table 1) were used for construction of phage-displayed peptide libraries for fine-tuning binding specificity of the parental clones. The mutagenic oligonucleotides HS-L3, ¡H1, ¡H2 and ¡H3 (Table 1) were used for construction of phage-displayed antibody libraries to homolog scan residues in CDR3 of the light chain and all 3 CDRs of the heavy chain in clone GC058, respectively. The mutagenic oligonucleotides used for phage-displayed antibody library construction were designed to simultaneously randomize predefined codon positions while ensuring equimolar starting frequency of wild type and a codon for a homologous residue in the homolog-scanning libraries. Degenerate codons are shown in bold text and the amino acid types coded by these codons have been described previously. 23 
Production of JCV VP1 virus-like particles
The information on sequences of VP1 proteins from different JCV strains was described previously. 7 VLPs were expressed and purified as described previously. 7 Briefly, JCV VLPs were expressed in insect cell line SF9 and isolated from whole cell extract using OptiPrep TM Density Gradient Medium (SigmaAldrich, #D1556), followed by buffer exchange and concentrating in an Amicon stirred cell with a 300,000 MWCO membrane and protein quantitation by BCA Protein Assay Kit (Thermo Scientific, # PI-23227).
Construction of phage-displayed peptide libraries
The na€ ıve phage-displayed dodecapeptide library (X12, where X is any amino acid) was reported previously. 21 The library was displayed in a polyvalent format on the M13 major coat protein (P8) with a phagemid containing isopropyl b-D-1-thiogalactopyranoside (IPTG)-inducible P tac promoter. Two biased peptide-phage libraries for binding specificity tuning were constructed in a similar manner using the 2 oligonucleotides listed in Table 1 . These two libraries were constructed using a "stop template" M13 phagemid pRSTOP4, a vector modified from Stop4 33 by introducing a spacer linker between the stII secretion signal sequence and the region containing 4 stop codons, for polyvalent display of peptides. A P tac promoter is utilized to drive the expression of open-reading frames encoding the peptide-P8 fusion proteins in the following form: the stII secretion signal sequence followed by a random peptide flanked with spacer linkers at both N-and C-termini, and the C-terminal spacer links the peptide to the N-terminus of the major coat protein P8. Each constructed library contained >10 10 unique members. The two libraries were pooled and a combined diversity of 5 £ 10 10 independent sequences was obtained.
Construction of phage-displayed antibody libraries
Construction of the na€ ıve phage-displayed synthetic antibody library F was described previously. 22 Library F was constructed on a single human anti-maltose binding protein antibody framework as previously reported Library D, 29 but with greater diversity allowed in the third hypervariable loops of the light and heavy chains. This framework used for library construction contains variable domains from VH3 and Vk1 subgroups that are highly prevalent in natural human antibodies and have favorable characteristics such as high expression, stability and tolerance to mutations. 29, 34, 35 The library for specificity tuning was constructed using optimized site-directed mutagenesis methodology as previously described 36, 37 with the appropriately designed "stop template" version of pGC058. The stop template contained TAA stop codons in CDR-L3 and CDR-H3 whereas CDR-H1 and CDR-H2 to be mutated were kept as wild type sequences. Mutagenic oligonucleotides listed in Table 1 , designed to simultaneously repair the stop codons and introduce mutations at the desired sites in the stop template, were used in the mutagenesis. Mutations were introduced simultaneously into CDR-L3 and CDR-H3, and possibly CDR-H1 or CDR-H2. The library for affinity maturation contained 5 £ 10 9 unique clones (theoretical diversity 1.1 £ 10 9 ).
Selection of JCV VLP variant-specific peptides
Library biopanning for different JCV VLP variant-binding peptides was performed separately with WT and its 2 point mutation variants L55F and D66H by following the published protocol 37 with minor modifications. Maxisorp immunoplates (Thermo Scientific, #442404) were coated with 5 mg/ml of WT or its mutant and incubated overnight with gentle shaking. The antigen-immobilized immunoplates were blocked with bovine serum albumin (BSA) (Bioshop, #ALB001) for 1.5 h before na€ ıve peptide-displayed phage library (10 12 -10 13 phage particles/ml) for initial screening or the biased library for specificity tuning was added. Following 1 h incubation to allow for phage binding, the plates were washed 10 times with phosphatebuffered saline (PBS) supplemented with 0.05% Tween 20 (PT buffer). Bound phage particles were eluted with 0.1 M HCl for 5 min and the eluant was neutralized with 1.0 M Tris base (pH 11). Eluted phage particles were amplified by super-infecting mid-log phase E. coli XL1-blue with the addition of M13KO7 helper phage (New England Biolabs, #N0315S). After overnight growth at 37 C in 2YT medium supplemented with 100 mg/ml carbenicillin, 25 mg/ml kanamycin and 100 uM IPTG, phage particles were concentrated by precipitation with 20% PEG/ 2.5M NaCl, resuspended in PBS supplemented with 0.5% (w/v) BSA and 0.05% Tween 20 (PBT buffer), and used for additional rounds of binding selection. Four rounds of selection were performed for each protein. Individual clones from rounds 3 and 4 of binding selections were grown overnight in 96-well format in 1 ml of 2YT medium supplemented with 100 mg/ml carbenicillin and M13KO7 helper phage to a final concentration of 10 10 cfu/ml. The culture supernatants were used directly in phage ELISAs to detect phage-displayed polypeptides that specifically bound to antigen. The positive clones were subject to DNA Pep-1AM GCA GCC TCT TCA TCT GGC NNK NNK aaa cgc TGT ctc cgc tcc ggt tat TGC tac gtc atg NNK NNK GGT GGA GGA TCC GGA Pep-2AM  GCA GCC TCT TCA TCT GGC NNK NNK ctc TGT tgg cgc gtc ggt cgc gac gcc tgg gtc TGC NNK NNK GGT GGA GGA TCC GGA  HS-L3  ACT TAT TAC TGT CAG CAA TKG TWC TWC TWC KCC KCC SCA RTT ACG TTC GGA CAG GGT AC  HS-H1  GCA GCT TCT GGC TTC AAC RTT KCC KCC KCC KCC MTG CAC TGG GTG CGT CAG  HS-H2  GGC CTG GAA TGG GTT GCA KCC RTT KCC KCC TWC TWC GST KCC ASC TWC TAT GCC GAT AGC GTC AAG  HS-H3  GTC TAT TAT TGT GCT CGC KCT TWC MAC KCT GST MTC GAC TAC TGG GGT sequencing. In addition, phage ELISAs were used to compare the relative binding strength of these positive clones against WT and 2 variants: L55F and D66H.
Selection of anti-L55F Fabs
Library sorting was performed by following the protocol similar to that of peptide selection described above with modifications tailored to prioritize specificity selection. Briefly, in the first round of selection, in addition to one Maxisorp immunoplate coated with 5 mg/ml of L55F, a depletion Maxisorp immunoplate was coated with 5 mg/ml of WT and incubated overnight with gentle shaking. Both immunoplates were blocked with BSA for 1.5 h. Antibody-displayed phage library (10 12 -10 13 phage particles/ml) was pre-incubated in the WT-coated immunoplate for 1 h to deplete WT-specific antibodies before transfer into L55F-coated immunoplate. Following 1 h incubation to allow for phage binding, the plate was then washed 10 times with PT buffer. Bound phage particles were eluted with 0.1 M HCl for 5 min and the eluant was neutralized with 1.0 M Tris base (pH 11). Eluted phage particles were amplified by super-infecting mid-log phase E. coli XL1-blue with the addition of M13KO7 helper phage. After overnight growth at 37 C in 2YT medium supplemented with 100 mg/ml carbenicillin and 25 mg/ml kanamycin, phage particles were concentrated by precipitation with 20% PEG/2.5M NaCl and resuspended in PBT buffer, and were used for additional rounds of binding selection. From rounds 2-5 of selection, phage solution was pre-incubated with 10 mg/ml of WT in solution for 1 h before being added to L55F-immobilized immunoplate. The concentration of WT used for pre-incubation was increased to 50 mg/ml in the specificity tuning selection. Individual clones from rounds 4 and 5 of binding selection were grown overnight in 96-well format in 1 ml of 2YT medium supplemented with 100 mg/ml carbenicillin and M13KO7 helper phage to a final concentration of 10 10 cfu/ml. The culture supernatants were used directly in phage ELISAs to detect phage-displayed antibodies specifically targeting L55F over WT. For biopanning against anti-FLAG antibody with the homolog-scan library, pre-depletion treatment, as described above for L55F selection, was omitted.
Phage ELISAs for identification of anti-VLP peptides and Fabs
A phage ELISA was performed to determine the binding specificity of phage-displayed anti-VLP peptides or antibodies, as described previously. 25 Briefly, phage ELISAs were carried out on plates coated with WT or the variants D66H and L55F. Phage particles displaying peptides or Fabs were diluted in PBT buffer and were transferred to wells coated with different antigens and blocked with BSA. The plates were incubated for 30 min, washed with PT buffer, and incubated for 30 min with horseradish peroxidase (HRP)/anti-M13 antibody conjugate (GE Healthcare, #27942101). The plates were washed with PT buffer, developed with 3,3 0 ,5,5 0 -tetramethylbenzidine (TMB) substrate (KPL, #50-76-00), quenched with 1.0 M H 3 PO 4 , and read spectrophotometrically at 450 nm. The cross-reactivity of the anti-VLP peptides or antibodies was quantitated as the signal ratios of the OD 450 value obtained from the peptide-or antibody-displaying phage particles binding to the immobilized cognate antigen divided by the value from the same phage particles binding to other antigen.
Expression and purification of peptide-Fc fusion proteins
Stop template version of the Fc fusion expression vector pGC130 was used as the template in site-directed mutagenesis to construct peptide-Fc fusion expression plasmids designed to express fusion proteins consisting of individual peptide sequence fused to N terminus of the human Fc domain. The template pGC130 was constructed by replacing the scFv sequence in a P tac driven scFv display vector 1.10scFv (Nicolas Economopoulos and Sachdev Sidhu; unpublished data) designed for phage display of a human scFv fused to the C-terminal domain of the M13 gene-3 minor coat protein with a human Fc region and inserting an amber codon at the C-terminus of Fc domain. Standard molecular cloning techniques were applied to construct plasmid pGC130. The linker between the peptide and Fc domain in the resultant peptide-Fc fusion is GGGSGGG; the flanking sequence at the N terminus of the peptide is ASSSG.
E. coli BL21(DE3)-pLysS (Promega, #L1191) harboring the appropriate expression plasmid were grown in LB broth overnight at 37 C. The culture was used to inoculate 500 ml of LB/ carb broth in a 2-L baffled flask at 37 C and induced for fusion protein expression at 16 C with 100 uM IPTG once the OD 600 of the culture reached 0.6-0.8. Cells were harvested after 24 h of growth and the pellet was resuspended in lysis buffer (50 mM Tris, 150 mM NaCl, pH 8.0, 0.5 mg/ml lysozyme (Bioshop, #LYS702), 0.2 U/ml benzonase (Sigma-Aldrich, #E1014), 10 mM MgCl 2 ) and incubated on ice for 1 h. The crude lysate was spun down and the supernatant was applied to an rProtein A affinity column (GE Healthcare, #17-1279-01). The loaded column was then washed with 10 column volumes of PBS followed by elution of Fab protein with elution buffer (50 mM NaH 2 PO 4 , 100 mM H 3 PO 4 , 140 mM NaCl, pH 2.0). The eulate was immediately neutralized with neutralization buffer (1 M Na 2 HPO 4 , 140 mM NaCl, pH 8.6). Protein concentrations were determined by Bio-Rad Protein Assay (Bio-Rad, #500-0001) using bovine gamma globulin as standard and protein purity was verified by SDS-PAGE.
Expression and purification of Fab and IgG proteins
The expression and purification of Fab proteins was performed as described. 24 Briefly, the Fab expression vector was constructed using appropriate display phagemid by site-directed mutagenesis to insert an amber stop codon upstream of gene III. The resultant expression vector was transformed into amber nonsuppressor strain E. coli 55244 and the transformants were used directly to inoculate low phosphate C.R.A.P. medium. The culture was incubated at 30 C with shaking at 200 rpm for 24 h before harvest. The pellet was stored at ¡80 C before proceeding with the protein A purification protocol described above in the section for peptide-Fc fusion protein purification.
For production of full-length IgG antibodies, DNA sequences of variable domains were subcloned into proprietary mammalian expression vectors for heavy chain and light chain expression. The heavy chain expression cassette is under transcriptional control of the human cytomegalovirus promoter and the human growth hormone polyadenylation sequence. A separate expression cassette on the plasmid encodes the murine dihydrofolate reductase (DHFR) gene for selection in DHFR-deficient cells. The light chain expression cassette is under the same transcription control elements as the heavy chain and these plasmids encode a separate expression cassette for neomycin phosphotransferase providing for selection with G418. Vectors were co-transfected into CHODG44i cells using the FuGENE Ò 6 Transfection Reagent (Promega, #E2691), according to the manufacturer's instructions. Stable cell lines were generated by adding DHFR and neomycin selection reagents to cell culture media 2-3 d following transfection, and grown for 14 d in selection media followed by growth expansion in 1-L shake flasks. After incubation, the cultures were spun down and filtered. The supernatant was applied to an rProtein A affinity column. IgG proteins were eluted with 25 mM H 3 PO 4 , pH 2.8, 100 mM NaCl and neutralized with 0.5 M Na 3 PO 4 pH 8.6. Eluted fractions of interest were combined, concentrated and dialyzed into PBS, pH 7.4.
ELISA for detection of WT, D66H and L55F by peptide-Fc fusion proteins
Immulon Ò 4HBX immunoplates (Thermo Scientific, #3855) wells were coated with 0.1 ml of 10 mg/ml of peptide-Fc fusion proteins in PBS and incubated overnight at 4 C. Plates were washed once with 0.3 ml/well of PBS and blocked with 0.3 ml/ well of PBS containing 1 mM CaCl 2 and 0.5 mM of MgCl 2 , supplemented with 1% BSA and 0.1% Tween-20 (block buffer) for 1 h. VLPs were prepared at 30 mg/ml in block buffer and 0.1 ml VLP was added to each well. Following 2 h incubation, plates were washed 3 times with 0.3 ml/well of PBS supplemented with 0.1% Tween-20. The VP1-specific murine antibody, PAB597 (courtesy of Edward Harlow, Harvard Medical School), prepared at 2 mg/ml in block buffer, was added at 0.1 ml/well and incubated for 1 h. 38 Plates were washed and 0.1 ml HRP labeled anti-mouse IgG1 (g1-specifc) (Jackson ImmunoResearch, #115-035-205) diluted 1:5000 in block buffer was added to each well. After 45 min incubation, plates were washed, developed with TMB substrate (SurModics, #TMBK-0200-2C), quenched with 2.0 M H 3 PO 4 , and read spectrophotometrically at 450 nm.
ELISAs for detection of JCV VP1 WT and variants
Immulon Ò 4HBX immunoplates (Thermo Scientific, #3855) wells were coated with 100 ml of VLP (1 mg/ml) diluted in 50 mM NaHCO 3 , pH 9.2 and incubated overnight at 4 C. Coating material was decanted and the plates were incubated for 1 h at room temperature with 200 ml per well of Blocking Buffer (Tris-buffered saline, 0.05% Tween 20, 1x Casein solution (Vector Laboratories, #SP-5020)). Plates were washed 4 times with 350 ml of PBS, 0.05% Tween 20 on a plate washer. Serial dilutions of Fabs or IgGs in Blocking Buffer were incubated in the plate for 1 h at room temperature. The plate was washed as described above and 100 ml per well of secondary antibody, diluted in Blocking Buffer, was incubated in the plate for 40 min at room temperature. The plate was washed as described above followed by detection with either 1:5000 dilution of HRP-tagged anti-FLAG antibody (Sigma Aldrich, #A8592) or 1:10000 dilution of anti-human antibody (Jackson ImmunoResearch Laboratories, #209-035-098). The plate was washed as described above and 100 ml per well of TMB substrate was added to the plate and incubated 2-5 min. The reaction was stopped with 100 ml per well of 1 M H 2 SO 4 and the absorbance was read at 450 nm.
For single point analysis of Fab binding to JCV VP1 mutant protein, the assay was performed as described above using a single Fab concentration of 10 mg/ml.
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